One-dimensional (1D) heteroepitaxy with an abrupt interface is essential to construct the 1D heterojunctions required for photonic and electronic devices. During catalytic 1D heteroepitaxial growth, however, the heterojunctions are generically kinked and composition-diffused across the interfaces. Here, we report a simple synthetic route for straight 1D heteroepitaxy with atomically sharp interfaces of group IV(Ge)/group II-VI(ZnSe) nanowires (NWs) during Au-catalytic growth. Specifically, it is discovered that eliminating residues in Au catalysts by Se vapour treatments lowers the energy barrier for the Ge NW axial heteroepitaxy on ZnSe NWs, and forms atomically abrupt heterointerfaces. We verified such 1D variation in the local electronic band structure of the grown Ge/ZnSe NW heterojunctions with spatially resolved photocurrent measurements.
Introduction
Heteroepitaxial growth of two different semiconductor crystals with an atomically sharp interface forms various electronic junctions, and thus provides a basis for photonic and electronic circuit elements [1, 2] . Strain energy accumulated by lattice mismatch between different threedimensional (3D) crystals is typically released to create extended defects at the interfaces. In the 1D crystallization, theoretical calculation by Glas [3] and Ertekin [4] suggested that the strain energy can be effectively released without such crystallographic defects due to the large surface-tovolume ratio. Indeed, dislocation-free wurtzite InP/InAs and 3 Equal contributors.
GaP/GaAs nanowire (NW) heteroepitaxy was demonstrated during Au-catalytic NW growth over the large lattice mismatch of ∼3% [5] [6] [7] . Dick et al suggested that the interface morphologies, i.e. whether they are kinked or straight, critically depend on the surface and interfacial energy relation at the catalytic 1D growth [8] . During the catalytic NW interface formation between A and B NWs, different atom species of A and B within the catalyst are generically intermixed, and form diffused interfaces with a composition gradient across the size of the catalyst [9] . These issues have been investigated by various growth methods with the control of catalyst geometries and growth thermodynamic variables [10] [11] [12] . Wen et al showed the use of an alloy solid catalyst of low solubility forms abrupt heterointerfaces [13] [14] [15] . Here, we report a simple synthetic route for straight 1D heterointerface formation during catalytic NW growth by controlling the residue within catalysts in gas-phases. Specifically, we have heteroepitaxially grown Ge NWs on the top of ZnSe NWs with atomically sharp interfaces by eliminating Zn residues within Au catalysts with Se vapour treatments prior to the Ge NW growth. We argue that Ge nucleation can be facilitated in the absence of residual atomic species, and this promotes straight 1D heteroepitaxy over the low energy barrier with atomically sharp interfaces. Based on such straight 1D Ge/ZnSe NWs, we also demonstrate that the local 1D potential can be encoded within an individual NW to form 1D heterojunction photodetectors in an individually addressed manner.
Experimental details
The axial Ge/ZnSe NW heterostructures in our study were synthesized using a two-step chemical vapour synthesis. First, ZnSe NWs were grown by Au catalyst-assisted vapour transport from solid powder precursors. High-purity ZnSe (99.999%, Alfa Aesar) powders were placed in alumina boats, and were loaded inside a 12-in quartz-tube furnace, with 2 nm thick Au coated SiO 2 /Si substrates which were placed 12-cm downstream from the centre of the quartz tube. Prior to heating of the quartz furnace, it was evacuated to 10 −3 Torr and purged with high-purity hydrogen (H 2 ) to eliminate residual oxygen. Then, for the ZnSe NW growth, the single-zone heater at the furnace centre was set to 800 • C, which resulted in a temperature of 550 • C at the growth substrates under a carrier gas flow rate of 90 sccm of N 2 and 10 sccm of H 2 at a total pressure of 100 Torr. For the second Ge NW heteroepitaxial growth on the top of the ZnSe NWs, the ZnSe NW samples were subsequently loaded into another hot-walled quartz-tube furnace. Then Ge NW segments were elongated using GeH 4 as a Ge precursor (specifically, 10% of GeH 4 diluted in high purity H 2 ) at 330 • C and 50 Torr [16] [17] [18] with or without Se vapour treatments.
We have determined the chemical compositions and the interfacial structures of the Ge/ZnSe heteroepitaxial NWs using electron energy loss spectroscopy (EELS) in an energy filtering transmission electron microscope (EFTEM), high resolution TEM (HRTEM), and point energy dispersive x-ray (EDX). We have also identified straight 1D Ge/ZnSe heterojunctions in an individually addressed manner with a scanning photocurrent microscopy technique.
Results and discussion
We describe our synthetic method schematically in fig The elemental distribution at the heterointerface of straight Ge/ZnSe NWs is identified from EELS colour mapping using EFTEM in figure 2. Ge (figure 2(b)), Zn (figure 2(c)), and Se (figure 2(d)) are marked with orange, green, and red colours, respectively. The merged image in figure 2(a) shows that the compositions of Zn and Se are clearly separated from Ge at the interface within the instrumental resolution. Figure 2 (e) is the atomically resolved HRTEM image of the Ge/ZnSe interfaces with its diffraction patterns. It demonstrates that the Ge/ZnSe interface is atomically sharp and is heteroepitaxially extended along the 111 direction, and the perpendicular planes to the growth planes are (220). In the Ge and ZnSe crystal system, the d-spacing of the Ge(220) plane is 2.000Å and the d-spacing of the ZnSe(220) plane is 2.005Å. The lines (orange) parallel to the Ge(220) planes are matched to the lines (blue) to the ZnSe(220) planes with no misfit dislocations due to a small lattice mismatch of ∼0.5%.
In order to verify the effect of Se vapour treatment, we have probed the composition change of Au catalysts prior to Ge NW growth. The EDX spectra, collected from the marked spot with a red circle within the Au catalyst of the STEM inset in figure 3 , clearly show that the Au-catalytic ZnSe NW growth leaves Zn residues in the Au catalysts. These Zn residues are persistently present in the Au catalysts after the Ge NW growth, as in figure S1 (available at stacks.iop.org/ Nano/25/014010/mmedia). By contrast, as seen from the blue line of the EDX spectrum, the Se vapour treatment removes such Zn residues. Note that a Cu peak is generated from the Cu grid for TEM sampling, and Se is not detected in both cases. A similar effect was reported by Persson et al [19] , in Au-catalytic GaAs monolithic NW growth, where they found that Ga diffuses out from Au catalysts by As vapour treatment, and out-diffused Ga formed additional GaAs layers on pre-existing GaAs.
We now look at the NWs with As vapour feeding. In a similar manner, we expect that the residual Zn diffuses out from the Au catalysts upon Se vapour feeding to the Au/ZnSe NW interfaces, and depletes the Zn residue in the Au catalysts. Indeed, as shown in figure 1(c) , the Au catalysts of kinked Ge/ZnSe NWs contain Zn residues, even though the growth is finished, whereas the Au catalysts of straight Ge/ZnSe NW are free of Zn, as shown in figure 1(i) . As such, we confirm that the growth of straight Ge/ZnSe NWs is disturbed by Zn in Au catalysts, and one-dimensional heteroepitaxy of Ge/ZnSe is only possible with Zn-free Au catalysts.
The heterointerface morphology, i.e. whether it is straight or kinked, can be determined by interfacial stability during the catalytic growth. Typically, within the framework of the nucleation model, it was suggested that if the total surface energy difference is smaller, it is easier to nucleate the second growth species during the heterostructure NW growth [8] . In this vein, we estimate the surface energy difference when the Ge NWs nucleate from Au catalysts on the top of ZnSe NWs, as schematically shown in figure 4 , without (a) and with (b) the Se vapour treatment. Upon the Ge nucleation, the composition of the Zn-containing Au catalyst is Au-Zn-Ge, and that of the Zn-free Au catalyst is Au-Ge, which is supersaturated with Ge. Then the net total surface energy changes before and after Ge nucleation can be summarized as below. Therein, '-' means alloying, '/' means a heterointerface. Here we can neglect the interface energy of γ ZnSe , γ Ge , γ Au-Zn-Ge , γ Au-Ge , as they remain the same upon the interface formation [8] .
γ Zn, contained = γ Au-Zn-Ge/Ge − γ Au-Zn-Ge/ZnSe + γ ZnSe/Ge (1) γ Zn, free = γ Au-Ge/Ge − γ Au-Ge/ZnSe + γ ZnSe/Ge . (2) We find that the equations (1) and (2) are reduced as below,
Here, we identify the phase of each component during the Au-catalytic growth as below, γ Au-Zn-Ge/Ge : Au-Zn-Ge(l)/Ge(s)- (1) γ Au-Zn-Ge/ZnSe : Au-Zn-Ge(l)/ZnSe(s)- (2) γ Au-Ge/Ge : Au-Ge(l)/Ge(s)- (3) γ Au-Ge/ZnSe : Au-Ge(l)/ZnSe(s)-(4).
As a similar example of liquid Zn-Sn(l)/Zn(s) interfaces [20] , when Zn dissolves to Zn-Sn(l), the interfacial energy at the Zn-Sn(l)/Zn(s) decreases in proportion to Zn(s) content due to solute segregation at the solid-liquid interfaces [20] . This is generally applied to other liquid-solid interfaces such as Zn-Sn(l)/Ge(s), Zn-Cu(l)/Pb(s), In(l)/Al(s), Sn(l)/Al(s) [21] , Sn-Cd(l)/Al(s), Sn-Pb(l)/Al(s), Sn-Bi(l)/Al(s), and Al(l)/Al 2 O 3 (s) [22] , suggesting that the increasing solid content in the liquid matrix phases reduces the interfacial energy. In our case, the interfacial energy of (2) is smaller than (4) due to the larger Zn content in the liquid Au catalysts on solid ZnSe. Similarly, the interfacial energy of (1) is larger than (3) due to the smaller Ge content on solid Ge. Thus, γ Zn, contained is greater than γ Zn, free , and the total surface energy change is larger for the Zn-containing Au catalysts. Thereby, we conclude that the Zn-free Au-catalytic Ge NW growth lowers the nucleation energy barrier and prefers to grow with a straight Ge/ZnSe interface morphology. This can also be collaborated from the observations of the average diameter ratio variation (d Ge /d ZnSe ) between Ge NW segments and ZnSe NW segments, related to the wetting angle at the catalysts. We statistically investigated the average distribution of the d Ge /d ZnSe ratio of individual Ge/ZnSe NWs using TEM, where d Ge /d ZnSe of straight NWs is 1.74 and d Ge /d ZnSe of kinked NWs is 1.44. Note that the lower interfacial energy of catalyst/NW induces the smaller wetting angle, and the smaller wetting angle yields the thicker NWs, provided that the catalyst volume remains constant [23, 24] . We found the average d Ge /d ZnSe ratio of the straight NWs is significantly greater than that of the kinked NWs, and accordingly the wetting angle of straight NWs is larger than kinked NWs. Thus the difference of the average d Ge /d ZnSe ratio between the straight NWs and the kinked NWs suggests the interfacial energy change during the Ge nucleation is reduced when Zn is absent in the Au catalysts, as agreed with the aforementioned discussion.
In order to investigate the local electronic band structure of the grown Ge/ZnSe NW heterojunctions, we performed spatially resolved photocurrent measurements with a locally focused laser beam, that was raster-scanned over the area of interest [25] [26] [27] [28] . For this we fabricated individual Ge/ZnSe NW photodetectors on SiO 2 (100 nm)/p + -Si wafers via e-beam lithography and lift-off. Such photocurrent images were obtained on multi-terminal contacted NWs, as in figure 5(a) , where the left two electrodes were contacted to the ZnSe segment, the right two were for the Ge segment, and the middle two contacts were for the Ge/ZnSe heterojunction. As in figure 5(c) , we observed the photocurrent generation when the photon energy (hν = 2.76 eV) was greater than the energy gap of both ZnSe (E g = 2.7 eV) and Ge (E g = 0.67 eV) segments at the Ge/ZnSe NW heterojunction. On the other hand, the photocurrent was not generated at the heterointerface when the energy of the incident laser beam (hν = 2.07 eV) was ranged between the energy gap of ZnSe and Ge, as shown in figure 5(d) . Note that two bright current spots appeared between the rightmost electrodes when the voltage was applied between the central contacts. This is due to a finite diffusion current as opposed to drift current across the bias voltage, when the diffusion length is sufficiently long. We have observed such detailed analyses in our previous report [29] . Therein the alternating sign of the photocurrent at the opposite contacts is simply due to the band bending at the metal-Ge junctions. Similar measurement results with the opposite voltage polarity are provided in supplementary information (available at stacks.iop.org/Nano/ 25/014010/mmedia) [30] .
It is generally well known that undoped Ge NWs grown by Au-catalytic growth using GeH 4 exhibit p-type characteristics due to their surface states of hole accumulation [31] . For a similar reason, undoped ZnSe NWs generally exhibit n-type conduction [32] . In principle, at the p-n junction the width of each depletion layer is a reciprocal to the carrier concentration; the depletion region will extend further into the lower-doped region. Thus, in our NW heterojunctions, the band bending may occur at the side of relatively lower carrier concentration, i.e., ZeSe NW segments, due to the higher hole accumulation in Ge NWs [26, 28] . With this rationale in mind, we deduced that the energy band bending is as in figure 5(e) . This is supported by the fact that the photocurrent at the Ge side of the heterojunction is not observed because there is smaller band bending, which would have otherwise induced efficient electron-hole separation.
Summary
We demonstrate straight 1D heteroepitaxy with sharp interfaces based on group IV (Ge)-group II-VI (ZnSe) semiconductors by catalytic residue controls. It is found that eliminating residue by Se vapour treatments during the Au-catalytic NW growth, which lowers the surface energy change for the Ge NW heteroepitaxy on ZnSe NWs, is mainly responsible for determination of such heterointerface morphology formation. We argue that our simple growth method can have implications as the general synthetic route for 1D heteroepitaxy in other material systems.
